The discovery of nearly room-temperature superconductivity in superhydrides has motivated further materials research for conventional superconductors. To realize the moderately high critical temperature (T c ) in materials containing light elements, we explored new superconducting phases in a scandium borocarbide system. Here, we report the observation of superconductivity in a new ternary Sc-B-C compound. The crystal structure, which was determined through a Rietveld analysis, belongs to tetragonal space group P 4/ncc. By complementarily using the density functional theory calculations, a chemical formula of the compound was found to be expressed as Sc 20 C 8−x B x C 20 (x = 1 or 2). Interestingly, a small amount of B is essential to stabilize the present structure. Our experiments revealed the typical type-II superconductivity at T c = 7.7 K. Additionally, we calculated the density of states within a first-principles approach and found that the contribution of the Sc-3d orbital was mainly responsible for the superconductivity. arXiv:1910.13711v1 [cond-mat.supr-con] 
Introduction
Exploring new superconductors with a higher critical temperature (T c ) is still one of the main topics in the fields of materials science and condensed matter physics. In the case of conventional phonon-mediated superconductors, the pairing mechanism of which is explained by the Bardeen-Cooper-Schrieffer (BCS) model, 1 it is widely accepted that T c can be enhanced by large density of states (DOS) at the Fermi energy, strong electron-phonon coupling, and high-frequency phonons. To realize a higher T c , materials consisting of nonmagnetic metals and light elements are essential. In particular, there are several reports on the superconductivity in alkali, alkali-earth, and transition-metal borides and carbides. Typical examples and their critical temperatures (in parentheses) are summarized in Table 1 . The covalent characters of B and C, with high Debye frequencies owing to their light mass, result in the moderately high temperature superconductivity. 2 The well-known magnesium diboride, MgB 2 , crystallized in an AlB 2 -type structure, which includes a honeycomb layer consisting of B, exhibits the highest T c of 39 K in metals. 3 Electronic-structure studies experimentally as well as theoretically proposed that superconductivity in MgB 2 is attributed to the σ-and π- 11 LiC 2 (1.9 K) 12 Na -NaC 2 (5.0 K) 13 K -K 3 C 60 (19.3 K) 14 
Rb
-Rb x C 60 (28 K) 15 
Cs
-Cs 3 C 60 (38 K) 16 
Be
BeB 2.75 (0.79 K) 17 -Mg MgB 2 (39 K) 3 -Ca -CaC 6 (11.5 K) 18 Sr -SrC 6 (1.65 K) 19 
Ba
-Ba 6 C 60 (7 K) 20 Sc --Y YB 6 (7.5 K) 21 Y 2 C 3 (18 K) 7 La -La 2 C 3 (13.5 K) 22 a The T c of these materials are in parentheses.
bands derived from the B-sp 2 orbitals. 4, 5 On the other hand, the yttrium sesquicarbide of Y 2 C 3 has a body-centered cubic unit cell, 6 and its T c , strongly depending on sintering conditions such as pressure and temperature, reaches 18 K. 7 Unlike the case of MgB 2 , such a relatively high T c is mainly due to the Y-4d orbitals rather than the contribution from the C-2p orbitals. 8 Moreover, in recent studies on hydrides at megabar pressures, nearly room-temperature superconductivity has been realized in H 3 S(T c = 203 K) 9 and LaH 10±x (T c > 260 K). 10 Triggered by the discovery of such materials, attention has been focused on the search for conventional superconductivity including light elements.
In the present study, we explored new superconducting phases in the Sc-B-C system. Although a moderately high-T c superconductor is expected in combination with the comparatively small ionic radius of Sc and the potentially high Debye frequencies originating from B and C, there are no reports on the observation of superconductivity thus far, as listed in Table  1 . The phase relation in this system has been investigated by means of borothermal and carbothermal reductions, solid state reactions, and an arc-melting method. [23] [24] [25] Although there are few reports on the physical properties of Sc-B-C compounds, a metal-to-insulator transition associated with the disorder-driven Anderson localization is suggested in Sc 3 B 0.75 C 3 . 24 In this paper, we report on the successful synthesis, crystal structure, and superconductivity of the new Sc-based borocarbide. Utilizing the arc-melting technique, we can easily handle the higher melting-point materials, and extract metastable phases through the quenching effect. We found that the compound has a tetragonal layered structure with a composition of Sc 20 C 8 -x B x C 20 (x = 1 or 2). Magnetic, transport, and thermal measurements revealed the fully gapped superconductivity at T c = 7.7 K, where the electron-phonon coupling strength is moderately enhanced. Additionally, the DOS curves were calculated based on first principles.
Experimental Procedures

Sample Preparation and Crystal-Structure Analysis
Polycrystalline samples were synthesized using the arc-melting method in an inert gas environment. As starting materials, we used powders of graphite (C) and amorphous boron (B), and ingots of scandium (Sc) prepared in a specified molar ratio. B and C were preliminarily mixed in a zirconia mortar and then pelletized so that the Sc ingot was sandwiched between the mixture. These procedures were performed in a dry nitrogen-filled glovebox to prevent the oxidation of the Sc metals. The prepared pellet was arc-melted on a watercooled copper hearth in an argon atmosphere. To ensure chemical homogeneity, we turned over and remelted the button at least thrice. The resultant sample was metallic silver in color. The powder X-ray diffraction (PXRD) pattern was measured using Cu Kα radiation. The intensity data were collected at approximately 293 K using a diffractometer (Ultima-IV, Rigaku) equipped with a one-dimensional high-speed detector (D/teX Ultra, Rigaku). To refine the crystallographic parameters, we conducted Rietveld analyses using BIOVIA Materials Studio Reflex software(version 2018 R2). 26 
Physical Property Measurements
The magnetic susceptibility was measured using a commercial SQUID magnetometer (MPMS-XL7, Quantum Design) under a magnetic field of H = 10 Oe. The data were collected on warming after zero-field cooling (ZFC process) and then cooling under the field (FC process). Additionally, we measured the isothermal magnetization in the field, ranging from −30 to 30 kOe. Electrical-resistivity measurements down to T = 2 K were performed by the conventional four-probe technique at several fields between H = 0 and 90 kOe using a physical property measurement system (PPMS, Quantum Design). Furthermore, using the PPMS, we measured the specific heat below 20 K using the thermal-relaxation method under zero field and 90 kOe.
Electronic-Structure Calculation
We conducted first-principles calculations using the full-potential linearized augmented planewave method (FLAPW) on the basis of density functional theory (DFT). The computer program WIEN2k 27 was used to implement the whole calculation. The exchange-correlation potential was approximated by the generalgradient approximation (GGA). 28 We set the RK max parameter as 7.0, where R and K max represent the smallest muffin-tin radius in the unit cell and a cutoff parameter for the plane wave, respectively. The spin-orbit interaction and magnetism were not considered in this calculation.
Results and Discussion
Synthesis and Crystal-Structure Determination
We attempted to synthesize the ternary Sc-B-C system under various conditions of the starting composition, and then we examined the superconductivity by measuring the magnetic susceptibility down to 2 K. The magnitude of the diamagnetic signals for each sample is depicted as the contour plot in Figure 1 . When the samples were prepared in the molar ratio within a hot spot, we found that a large Meissner signal was observed below approximately 8 K. When we prepared the B-excess and/or B-free samples with the ratio of Sc to C set to 30-40 %, none of the samples exhibited superconductivity down to 2 K. This indicates that a small amount of B is necessary for the phase formation; however, it is difficult to evaluate the content of B using compositional analyses, such as energydispersive X-ray spectrometry. The chemical formula of the present superconducting phase, as is discussed below, is indicated by the star in Figure 1 . The discrepancy between the nominal and actual compositions may be attributed to the evaporation of C during arc melting.
We performed PXRD measurements using the sample that exhibited the largest diamagnetic signal, the nominal molar ratio of which was Sc : B : C = 35 : 2 : 63. Figure 2 illustrates the experimental PXRD pattern (I obs. ) and the results fromthe Rietveld fitting (I cal. ). In this refinement, peaks from a paramagnetic Sc 15 C 19 and unknown phases as impurities were not in consideration because their intensity ratios of them to the main phase were sufficiently small. First, we performed structural optimization with the exception of B atoms, because distinguishing a small quantity of B from C atoms is difficult using the laboratory PXRD method. The observed diffraction peaks could be indexed from a tetragonal structure with a space group of P 4/ncc (#130). This structural model, possessing the chemical formula of Sc 20 C 28 , consisted of alternately stacked ScCand C-layers along the crystallographic c-axis, the details of which are described below. Second, on the premise of this structure, we evaluated the enthalpy of formation using the DFT calculation to examine the atomic positions of B. Our calculations implied that the B atoms were the most stable at the C-layer labeled with the C3/B(8f ) site. For an isostructural ternary borocarbide of R 5 B 2 C 5 (R = Y, Ce − Nd, Sm, Gd − Tm), all the C atoms on the Clayer were replaced by B atoms, 29 confirming the validity of the results of our DFT calculations. Given the optimized molar ratio for material synthesis, the quantity of B varied in the range of x = 0 − 2 for Sc 20 C 8 -x B x C 20 . Consequently, we finally refined the crystallographic parameters under the hypothesis that one of the C atoms at the 8f site randomly replaced a B atom in the unit cell; in other words, the chemical formula was assumed to be Sc 20 BC 27 . To maintain the crystal symmetry of P 4/ncc, the virtual chemical species of 0.875C+0.125B at the C3/B(8f ) site was practically employed because the PXRD pattern showed no extra peaks implying the formation of a superlattice structure by the periodic ordering of B atoms. The refined fractional coordinates are summarized in and expected reliability factors converged to R wp = 0.138 and R e = 0.123, respectively, resulting in a sufficiently low goodness-of-fit index value of S = 1.12. Furthermore, both R wp and R e were not affected by the change in x from 0 to 2 (hereafter, the chemical formula is referred to as Sc 20 BC 27 ).
The crystal structure of Sc 20 BC 27 is depicted in Figure 3 . As illustrated in Figure 3a , every C2 atom was in an octahedral coordination with the Sc1 and Sc2 atoms. One of the heights from C2 to Sc2 atoms was 2.577 Å, and the other was 2.442 Å. The unit cell also included eight C1-C3/B-C1 units, whose angle was 165.2 • . The interatomic distance of C1-C3/B-C1 units was calculated to be 1.304 Å, suggesting the double-bond character. A similar situation was observed in the isomorphic R 5 B 2 C 5 (R = Sm or Gd). 29 If we consider as a two-dimensional layered structure composed of ScC-and C/B-layers, as shown in Figure 3b , the stacking sequence of ScC-C/B-ScC along the caxis was repeated twice in the unit cell. Each of the layers viewed from the c-axis is depicted in Figures 3c and 3d . In the ScC-layer, each C1 atom was located in a quasi-square lattice formed by the Sc1 and Sc2 atoms, whereas every C2 atom was surrounded by the Sc1 square sheets. The average Sc-Sc distance of approximately 3.39 Å was comparable to that of a pure Sc metal (∼ 3.31 Å). 30 This layer was piled up along the c-axis direction rotated by 90 • . The C/B layer, which was separated by two ScClayers, consisted of the isosceles triangular and square nets. As described above, one or two of the eight C atoms were replaced with B atoms in this layer. The known typical B-poor or -free compounds, depicted in Figure 1 , crystallized in various layered structures that have an alternate stacking of ScC-and C-or B-layers along the crystallographic c-axis, 23, 31 as in the case of Sc 20 BC 27 . As for a series of R 5 B 2 C 5 , the C3/B(8f ) site was fully occupied by B atoms, leading to a larger unit-cell volume. 29 This may be because the ionic radii of the other rare-earth metals are relatively larger than that of Sc.
Superconducting Properties
The magnetic susceptibility (M/H) of Sc 20 BC 27 is plotted as a function of temperature in Figure 4 . We observed a clear diamagnetic signal related to the superconducting transition at the onset of T c = 7.7 K. Because the shieldingvolume fraction at 2 K exceeded 130 % without correcting the demagnetization factor, it is sufficient to regard the sample as a bulk superconductor. Figure 5a illustrates the temperature dependences of electrical resistivity (ρ) measured at several fields up to 90 kOe. The inset depicts the ρ − T curve below room temperature at the zero field. With decreasing temperature, the resistivity exhibited a normal metallic behavior and subsequently showed a slight upturn at around 50 K. Below T onset c = 8.3 K, an abrupt decrease arising from the superconducting transition was observed. As a result, zero resistivity was attained at T zero c = 7.7 K. This value of T zero c corresponds to the onset temperature observed in the susceptibility. The residual resistivity ratio (RRR) was estimated to be a maximum of 1.2, as the resistivity hardly depends on the temperature in the normal state.
A similar feature was reported on the resistivity of some carbides 32 and B-doped diamond, 33 suggesting that the transport properties on a polycrystalline specimen are sensitive to residual C in the grain boundaries. 34 This is probably why the slight upturn of the ρ − T curve was observed. As illustrated in Figure 5a , with increasing field, we observed a parallel shift of the T c to a lower temperature, and no trace of superconductivity was observed down to 2 K at H = 90 kOe. Figure 5b illustrates the upper critical field H c2 as a function of temperature. We defined the T c from the midpoint of the superconducting transition. As indicated by the solid curve, H c2 (T ) obeyed the Werthamer-Helfand-Hohenberg (WHH) prediction, 35, 36 resulting in a value of H c2 (0) = 80.5 kOe. We calculated the Ginzburg-Landau (GL) coherence length of ξ 0 = 6.4 nm using the relation of H c2 (0) = φ 0 /2πξ 2 0 ,where φ 0 is the magnetic flux quantum. Figure 6a illustrates the magnetization as a function of the magnetic field measured at various temperatures for Sc 20 BC 27 . Additionally, a magnetization-hysteresis loop at T = 4.2 K is depicted in the inset of Figure 6a . This magnetization behavior is typical of type-II superconductors. At T = 3 K, the magnetization exhibited a broad minimum at approximately 100 Oe and then increased gradually up to 500 Oe. The minimum of the M − H curve was suppressed, which then shifted to the lower field as the temperature approached the T c . On the basis of these data, we evaluated the lower critical field H c1 , which is plotted as a function of the squared normalized temperature (T /T c ) 2 in Figure 6b . An enlarged version of the M − H curve at 3 K is depicted in the inset of Figure 6b. In this study, H c1 was approximated from a relation of H c1 = H p /(1 − N ), 37 where H p and N are the penetration field and demagnetization factor, 38 respectively. H p was defined as the intersection point between the extrapolation of the perfect diamagnetism (M = −H/4π (1 − N ) ) and a level of the minimum magnetization (dashed line). 37 We estimated N to be 0.16 from the initial slope of the M − H curve. Note that the values of H c1 were possibly overestimated in this definition. 39 As indicated by the solid line in Figure 6b , it was found that H c1 − (T /T c ) 2 data was well reproduced by the formula based on the GL theory of H c1 (T ) = H c1 (0)[1 − (T /T c ) 2 ]. We estimated H c1 (0) to be 90 Oe and calculated the London penetration depth of λ 0 ≈ 271 nm using an approximation of H c1 (0) ≈ φ 0 /πλ 2 0 . The GL parameter of κ GL = λ 0 /ξ 0 was also determined to be κ GL ≈ 42(> 1/ √ 2), strongly supporting the type-II superconducting nature. Figure 7a illustrates the dependences on the squared temperature of the specific heat divided by temperature (C/T ) for Sc 20 BC 27 . The specific heat demonstrated a sharp increase below 7.7 K(T 2 = 60 K 2 ). This temperature is in good agreement with the T c examined by the susceptibility and resistivity measurements, clarifying the bulk nature of superconductivity. At the normal state from the T c to 20 K, the data followed the sum of the electronic and phononic parts generally expressed by C/T = γ n + βT 2 , where γ n and β denote the Sommerfeld coefficient at the normal state and the phonon contribution to the specific heat, respectively. As indicated by the solid line, the linear extrapolation to 0 K yielded γ n = 61.5 mJ/molK 2 , β = 0.468 mJ/molK 4 , and the corresponding Debye temperature of Θ D = 584 K, calculated using β = 12π 4 N R/5Θ 3 D , where N is the number of atoms in a formula and R is the gas constant. However, the sample of Sc 20 BC 27 contained non-negligible amounts of Sc 15 C 19 and unassigned nonsuperconducting impurities, which could be observed in the PXRD pattern. As indicated by the dashed line in the inset of Figure 7a , a residual Sommerfeld coefficient, resulting from the impurities, was estimated to be γ r = 7.0 mJ/molK 2 by extrapolating the data to T = 0 K. To exclude the influence of the secondary phases, using raw data, we subtracted the C − T data measured at 90 kOe from that in the zero field. The difference C between the superconducting and normal states (∆C) is plotted as ∆C/T −T in at 90 kOe exhibited no anomalies, indicating that the superconducting transition was completely suppressed below 2 K. Assuming the magnitude of a single superconducting gap ∆ 0 , the specific heat below T c can be expressed as ∆C/T = γ s +A exp(−∆ 0 /T )/T , where γ s corresponds to an electronic specific-heat coefficient of the superconducting phase and A is a free parameter. As indicated by the solid curve, the fit to the data gave γ s = 31.8 mJ/molK 2 and ∆ 0 = 1.26 meV. Both values of γ n and γ s agree in order of magnitude with that evaluated by the first-principles calculation, which is discussed in the next section. The good reproducibility of ∆C/T − T proposes the single-gap swave superconductivity in Sc 20 BC 27 . Additionally, we estimated the normalized specific-heat jump at T c of ∆C/T c = 0.053 J/molK 2 , and calculated ∆C/γ s T c to be 1.67, which is slightly larger than the BCS weak-coupling limit of 1.43. For conventional superconductors, an empirical electron-phonon coupling constant λ e-p is given by
where µ * = 0.13 is the Coulomb pseudopotential for polyvalent transition metals. 40 Using this formula, λ e-p was evaluated to be 0.60, thereby revealing that Sc 20 BC 27 was an s-wave superconductor in the intermediate coupling regime.
Electronic-Band-Structure calculations
First, we calculated the DOS of Sc 20 C 28 using the experimentally determined crystallographic parameters, as presented in Table 2 . Next, to discuss the electronic structure of Sc 20 BC 27 , we applied a rigid-band model by shifting the Fermi energy (E F ). The obtained DOS curve of Sc 20 C 28 is illustrated in Figure 8a . A peak structure was observed at approximately E F , which was mainly constructed by the DOS derived from the Sc 3d orbitals. The value of D(E F ) was calculated to be 34.4 eV −1 per formula unit, resulting in a Sommerfeld coefficient of γ Sc20C28 = 81.2 mJ/molK 2 . Figure 8b atoms to the total DOS were negligibly small near E F . This situation enabled us to adopt the rigid-band model. [41] [42] [43] When one of C atoms replaced a B atom in the unit cell, E F shifted by ∼ 0.045 eV, as indicated by the dashed line in Figure 8b . On the basis of this, D(E F ) and the corresponding γ Sc20BC27 were estimated to be 21.2 eV −1 /f.u. and 50.4 mJ/molK 2 , respectively. The calculated γ value was comparable with that obtained by the specific-heat measurements. Among the isostructural family of R 5 B 2 C 5 , the R = Y member was a Pauli paramagnet, 29 although both Sc and Y are isovalent nonmagnetic metals. This suggests that the smaller ionic radius and lighter mass of Sc play important roles in the emergence of super-conductivity, which supports the main contribution of Sc to the total DOS at E F . By accepting the results of the ab initio calculations, we can expect to realize the higher T c in B-free Sc 20 C 28 because the D(E F ) value is larger than that of Sc 20 BC 27 . However, as described above, the present crystal structure needs to be stabilized with a small quantity of B. One possible reason for this is that, as can be observed from Figure 8b , the E F of Sc 20 C 28 is closer to the DOS peak, which implies the relative phase instability of Sc 20 C 28 in comparison with Sc 20 BC 27 . On the other hand, we could not synthesize the B-excess samples. With the increase in content of B, the E F shifted to the lower-energy region. As depicted in Figure 8b , although the DOS curve was almost constant at approximately E F of Sc 20 BC 27 , it demonstrated a rapid decrease below −0.12 eV. Hence, even if heavily B-doped phases can be obtained, they will exhibit a lower T c or no superconductivity owing to the small DOS. In other words, if electron-doped phases are synthesized using other possible methods, the T c will be slightly increased.
Conclusion
The polycrystalline samples of ternary borocarbide Sc 20 C 8 -x B x C 20 (x = 1 or 2) were successfully synthesized. The Rietveld refinements demonstrated that the crystal structure belongs to the tetragonal space group of P 4/ncc, and possesses the distorted Sc 6 octahedra and eight units formed by the C 3 group. The unit cell was also regarded as a layered structure made of ScC-and C-meshes along the c-axis. Using the DFT calculations to examine the positional stability of B, we found that one or two C atoms at the 8f site (isolated C-layer) were replaced by B. The magnetic susceptibility, electrical resistivity, and specific heat data revealed that the compound exhibited the typical type-II superconductivity at T c = 7.7 K. To summarize, the physical parameters determined in this study are listed in Table 3 . The magnitude of the specific-heat jump and the electron-phonon coupling constant elucidated that the supercon- ductivity in Sc 20 C 8 -x B x C 20 could be classified as an intermediately coupled system. The DOS curve indicated that the Sc-3d orbitals principally contributed to the total DOS at E F . Additionally, using the rigid-band model, we provided the qualitative explanation for the result that the structure containing a small quantity of B was rather stable; however, the higher T c was expected in the B-free composition of x = 0.
